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ABSTRACT 

DESIGN AND FABRICATION OF A FULL-SIZE 
LANDING IMPACT TEST MODEL OF THE 
MARS LEGGED LANDER CONFIGURATION 

This r e p o r t  p r e s e n t s  a d e s c r i p t i o n  of t h e  landing  impact tes t  model of 

t h e  Mars legged l a n d e r  conf igura t ion .  The model i s  a f u l l  s i z e ,  v a r i a b l e  mass 

legged l a n d e r  c o n t a i n i n g  t h r e e  i n v e r t e d  t r i p o d  landing  gears  t o  b e  used f o r  

s o f t  l anding  i n v e s t i g a t i o n s  w i t h  e i t h e r  3/8 pro to type  mass p r o p e r t i e s  o r  

p r o t o t y p e  mass p r o p e r t i e s .  Loading condi t ions  based on energy a b s o r p t i o n  

c h a r a c t e r i s  t i c s  of l a n d i n g  g e a r  and on a n t i c i p a t e d  landing  a c c e l e r a t i o n s ,  

are descr ibed .  S t r e n g t h  a n a l y s e s ,  and minimum margins of s a f e t y  f o r  a l l  

c r i t i c a l  p a r t s  v e r i f y i n g  s t r u c t u r a l  adequacy of model, are presented .  

mass p r o p e r t i e s  are shown t o  b e  w i t h i n  s p e c i f i e d  c o n s t r a i n t s  f o r  bo th  3 / 8  

Model 

p r o t o t y p e  mass model and f u l l  p r o t o t y p e  mass model. 
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1. SUMMARY 

This  r e p o r t  desc r ibes  t h e  l and ing  impact tes t  model of t h e  Mars legged 

l a n d e r  conf igu ra t ion  designed and f a b r i c a t e d  by McDonnell Douglas Astro- 

nautScs Company - Eastern Divis ion  under NASA c o n t r a c t  NAS 1-8137 (Reference 1). 

The model i s  a f u l l  s i z e ,  v a r i a b l e  mass legged l ande r  con ta in ing  t h r e e  in-  

v e r t e d  t r i p o d  landing  gea r s .  S o f t  l anding  impact i n v e s t i g a t i o n s  can be  con- 

ducted us ing  e i t h e r  3 /8  p ro to type  mass p r o p e r t i e s  o r  p ro to type  m a s s  p r o p e r t i e s .  

Loading condi t ions  w e r e  determined us ing  the  load-s t roke  c h a r a c t e r i s t i c s  

of t h e  c rushab le  energy abso rp t ion  material f o r  t h e  l and ing  gear .  In a d d i t i o n ,  

loads  were based on a c c e l e r a t i o n s  a n t i c i p a t e d  dur ing  l and ing  impact tests. 

A l anding  dynamics a n a l y s i s  w a s  beyond t h e  scope of t h i s  t a s k  o rde r .  

S t r eng th  ana lyses  of a l l  c r i t i c a l  p a r t s  were performed t o  i n s u r e  

s t r u c t u r a l  adequacy. Minimum margins of s a f e t y  are summarized i n  F igure  1-1. 

Because of t h e  importance of m a s s  p r o p e r t i e s  i n  a n a l y t i c a l  p r e d i c t i o n s  

of l and ing  motions and i n  c o r r e c t l y  i n t e r p r e t i n g  test r e s u l t s ,  cons ide rab le  

e f f o r t  w a s  devoted t o  o b t a i n i n g  r e p r e s e n t a t i v e  and r e l i a b l e  estimates of 

model weight ,  c e n t e r  of g r a v i t y  l o c a t i o n ,  and moments of i n e r t i a .  P r e d i c t e d  

mass p r o p e r t i e s  are summarized i n  F igu re  1-2. A l l  masses are w i t h i n  21.25 

pe rcen t  and moments of i n e r t i a  are w i t h i n  - +5 pe rcen t  t o l e r a n c e s  s p e c i f i e d  

by NASA Langley Research Center .  
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2 e INTRODUCTION 

The Mars l a n d e r  c o n f i g u r a t i o n  f o r  t h e  Viking miss ion  uses  a t h r e e  legged 

landing  g e a r  t o  provide  s o f t  l anding  c a p a b i l i t y  and post-landed s t a b i l i t y .  

This  gear  des ign  combines c h a r a c t e r i s t i c s  of t h e  Surveyor and Apollo Lunar 

Module landing  concepts  .. Although cons iderable  exper ience  w i t h  legged l a n d e r s  

of t h i s  t y p e  has  been gained i n  t h e  l u n a r  landing  miss ion ,  t h e  i n c r e a s e d  

hazards  of t h e  Mars t e r r a i n  and environment r e q u i r e s  e x t e n s i v e  t e s t i n g  and 

e v a l u a t i o n  of  t h e  proposed landing  system concept. 

The o b j e c t i v e  of t h i s  t a s k  o r d e r  w a s  t o  des ign  and f a b r i c a t e  a f u l l  

s i z e ,  v a r i a b l e  mass legged l a n d e r  test  model of t h e  Mars landing  c o n f i g u r a t i o n ,  

This  model w i l l  b e  used by NASA Langley Research Center  t o  conduct dynamically 

s imi la r  l a n d i n g  i n v e s t i g a t i o n s .  To compensate f o r  t h e  Mars t o  Ear th  g r a v i t y  

r a t i o  of 3/8, t h e  model can be  tes ted a t  3/8 p r o t o t y p e  m a s s  i n  f r e e  body 

tests o r  i t  can be  t e s t e d  wi th  f u l l  p r o t o t y p e  m a s s  u s i n g  g r a v i t y  s i m u l a t i o n .  

Yodel geometry, mass, and i n e r t i a  p r o p e r t i e s  f o r  t h e  p r o t o t y p e  v e r s i o n  are 

c o n s i s t e n t  w i t h  t h o s e  of  t h e  Viking c o n f i g u r a t i o n  s u p p l i e d  by t h e  NASA. 

4 



3, DISCUSSION 

This  s e c t i o n  con ta ins  t h e  s t r u c t u r a l  des ign  c r i t e r i a ,  model d e s c r i p t i o n ,  

loading  cond i t ions  and methods of a n a l y s i s  used i n  t h e  s tudy .  

3 .1  STRUCTURAL DESIGN CRITERIA - Mass, c e n t e r  of g r a v i t y  and moments 

of  i n e r t i a  requirements  s p e c i f i e d  f o r  t h e  model i n  Reference (2) are def ined  

i n  F igure  3-1, 

w i l l  be  used f o r  f r e e  body t e s t i n g  w i t h  i n i t i a l  suppor t  occu r r ing  a t  t h e  

launch i n t e r f a c e .  

When t h e  model i s  b a l l a s t e d  f o r  3 / 8  of p ro to type  m a s s ,  i t  

The p ro to type  m a s s  v e r s i o n  w i l l  be  used i n  g r a v i t y  s imula to r  

t e s t i n g  wi th  i n i t i a l  suppor t  provided a t  t h e  l i f t  f i t t i n g  i n t e r f a c e  on each 

main . s t r u t  suppor t  beam. 

A l l  loading  cond i t ions  f o r  des ign  of  t h e  model w e r e  based on two con- 

s t r a i n t s :  (1) Maximum a c c e l e r a t i o n s  expected dur ing  l and ing  o r  h o i s t i n g  

and (2)  Load-stroke c h a r a c t e r i s t i c s  of t h e  landing  gear  main s t r u t  and foot -  

pad a t t e n u a t o r .  The e f f e c t s  of f r i c t i o n  f o r c e s  e x i s t i n g  between t h e  footpad 

and landing  s u r f a c e  were cons idered  i n  determining loads .  

flaximum a c c e l e r a t i o n s  p a r a l l e l  t o  t h e  X-axis of t h e  model are 2 4  g ' s  

f o r  t h e  p ro to type  mass v e r s i o n  and 6 4  g ' s  f o r  t he  3/8 p ro to type  mass. 

h o i s t i n g  ope ra t ions  f o r  bo th  t h e  f r e e  body and g r a v i t y  s imula to r  tes ts ,  

a c c e l e r a t i o n s  para l le l  t o  t h e  X-axis of t h e  model were assumed t o  be  3 g ' s .  

The s t r u c t u r e  w a s  designed t o  prec lude  f a i l u r e  a t  u l t i m a t e  load  and t o  

During 

p reven t  apprec i ab le  permanent deformation at  l i m i t  load .  L i m i t  loads  exper i -  

enced dur ing  l and ing  were m u l t i p l i e d  by a f a c t o r  of  s a f e t y  of 1 .5  t o  o b t a i n  

u l t i m a t e  l o a d s ,  

5 
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3.2 MODEL DESCRIPTION - The l a n d e r  c o n s i s t s  of a welded aluminum cen te r  

body and machined, h igh  s t r e n g t h  aluminum a l l o y  landing  gea r s  e 

ponents  are shown i n  F igu res  3-2 and 3-3 and dimensions are given i n  F igure  

3-4. ?lass and i n e r t i a  p r o p e r t i e s  can b e  v a r i e d  t o  permi t  f r e e  body ( 3 / 8  

p ro to type  m a s s  and i n e r t i a )  and g r a v i t y  s imula to r  ( f u l l  p ro to type  mass and 

i n e r t i a )  tests. Ballast i s  a t t a c h e d  t o  t h e  c e n t e r  body t o  achieve  t h e  re- 

q u i r e d  m a s s  p r o p e r t i e s .  The c y l i n d r i c a l  p a r t  of t h e  c e n t e r  body provides  

housing f o r  i n s t rumen ta t ion .  

Major com- 

Each l and ing  pear assembly c o n s i s t s  of a machined h igh  s t r e n g t h  main 

s t r u t ,  A-frame, and footpad.  The main s t r u t ,  shown i n  F igure  3-5, a t t e n u a t e s  

l and ing  loads  by c rushing  i n t e r n a l  aluminum honeycomb e lements .  A s  shown 

i n  F igu re  3-5, va r ious  aluminum a l l o y s  are used f o r  t h e  ma jo r i ty  of  main 

s t r u t  components. Aluminum bronze i s  used f o r  t h e  p i s t o n  and r i n g  t o  pro- 

v i d e  a low f r i c t i o n  bea r ing  s u r f a c e  between s l i d i n g  components. 

The lower A-frame s t a b i l i z e s  t h e  landing  gea r  assembly by c a r r y i n g  any 

component of app l i ed  load  on t h e  footpad  n o t  p a r a l l e l  t o  t h e  main s t r u t .  

A-frame r o t a t e s  upward as t h e  main s t r u t  s t r o k e s .  Major components of t h e  

A-frame assembly are two 2024-T3 aluminum tubes ,  two 7075-T651 aluminum lugs ,  

and a 7075-T651 aluminum apex f i t t i n g .  

The 

A u n i v e r s a l  connec t ion ,  a l lowing  two degrees  of freedom ( r o t a t i o n )  

about a p o i n t  de f ined  by t h e  i n t e r s e c t i n g  c e n t e r  l i n e s  of t h e  main s t r u t  

and A-frame, a t t a c h e s  t h e  13.25 inch  d iameter  7079-T651 aluminum footpad t o  

t h e  landing  gear .  Aluminum honeycomb a t t a c h e d  t o  t h e  footpad assists i n  t h e  

a t t e n u a t i o n  of landing  loads  

7 
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The c e n t e r  body, which c o n s i s t s  of main s t r u t  suppor t  beams, i n t e r f a c e  

s t r u c t u r e p  s i d e  beams, and c e n t e r  s e c t i o n ,  i s  f a b r i c a t e d  from 6061-T651 

aluminum. The c e n t e r  s e c t i o n  i s  a welded s t r u c t u r e  made up of an 8.0 inch 

diameter  c y l i n d e r  and t h r e e  r a d i a l  channel-sect ion beams. The c y l i n d r i c a l  

p a r t  p rovides  a f l a t  mounting s u r f a c e  ( launch i n t e r f a c e )  f o r  f r e e  body suppor t  

l u g s .  The o u t e r  p o r t i o n  of  t h e  c e n t e r  body i s  composed of t h r e e  welded 

I-beams and i n t e r f a c e  s t r u c t u r e .  I n t e r f a c e  s t r u c t u r e  is  formed by welding 

s t i f f e n e d  p l a t e s  t o  t h e  ends of c e n t e r  body s i d e  I-beams. Main s t r u t  suppor t  

beams and i n t e r f a c e  clevis f i t t i n g s  are b o l t e d  t o  t h e s e  i n t e r f a c e s .  The main 

s t r u t  suppor t  beam provides  a mounting s u r f a c e  n e a r  t h e  upper end f o r  t h e  

clevis f i t t i n g  used t o  a t t a c h  t h e  landing  gear  main s t r u t  t o  t h e  c e n t e r  body. 

These beams a l s o  provide  f l a t  s u r f a c e s  t o  a t t a c h  l i f t  f i t t i n g s  f o r  suppor t ing  

t h e  model dur ing  g r a v i t y  s i m u l a t o r  t e s t i n g  and f o r  h o i s t i n g  and t r a n s p o r t i n g  

t h e  model. Machined 2024-T351 aluminum a l l o y  clevis f i t t i n g s  l o c a t e d  n e a r  

t h e  bottom of  t h e  i n t e r f a c e  s t r u c t u r e  are used t o  a t t a c h  t h e  landing  g e a r  

A-frame t o  t h e  c e n t e r  body. 

3.3 LOADING C O N D I T I O N S  - Loading c o n d i t i o n s  used t o  des ign  t h e  model 

were based on a n t i c i p a t e d  landing  a c c e l e r a t i o n s  and landing  gear  a t t e n u a t i o n  

c h a r a c t e r i s t i c s  as d i s c u s s e d  i n  Sec t ion  3.1. Based on t h e s e  c o n s t r a i n t s ,  

f i v e  loading  condi t ions  were der ived  and are summarized i n  F igure  3-6. 

Landing g e a r  and c e n t e r  body l o a d s  a s s o c i a t e d  w i t h  t h e s e  c o n d i t i o n s  are 

def ined  i n  Sec t ion  4 . 0 . .  

3.4 METHODS OF ANALYSIS - Standa d methods of a n a l y s i s  descr ibed  i n  

References (3) through (6)  were used wherever p o s s i b l e .  These methods i n c l u d e  

12 
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l o c a l  and g e n e r a l  s t a b i l i t y  ana lyses  of t u b u l a r  members s u b j e c t e d  t o  axial  

compression loads  p l a s t i c  bending ana lyses  of  compact s e c t i o n s  i n t e r a c t i o n  

of  combined stresses, c r i p p l i n g  a n a l y s i s  o f  t h i n  s e c t i o n s  loaded i n  compression, 

and l u g  a n a l y s i s .  

Tubular  members i n  t h e  landing  g e a r  are c r i t i c a l  f o r  a x i a l  compression 

l o a d s .  These members are s u s c e p t i b l e  t o  b o t h  l o c a l  and g e n e r a l  i n s t a b i l i t y  

modes of  f a i l u r e .  Local s t a b i l i t y  of aluminum a l l o y  t u b i n g  w a s  determined 

u s i n g  t h e  method presented  i n  Reference (3).  In t h i s  method, t h e  c r i p p l i n g  

cc) f o r  a p a r t i c u l a r  material i s  def ined  by t h e  r a t i o  of  tube  

diameter  (D) t o  w a l l  th ickness  (I). General s t a b i l i t y  of columns w a s  

determined u s i n g  t h e  Johnson Column formula,  Reference ( 3 ) .  This  formula 

i s  w r i t  t e n :  

T h i s  i s  an e m p i r i c a l  equat ion  which i n c l u d e s  t h e  e f f e c t  of i n t e r a c t i o n  between 

t h e  primary f l e x u r a l  mode of f a i l u r e  and t h e  l o c a l  c r i p p l i n g  mode. 

U l t i m a t e  s t r e n g t h  of bending members is  determined us ing  p l a s t i c  a n a l y s e s .  

For bending i n  t h e  p l a s t i c  range ,  t h e  method s e t  f o r t h  by Cozzone and de- 

s c r i b e d  i n  Reference ( 4 )  w a s  used. 

determined us ing  t h e  fo l lowing  equat ion:  

The a l lowable  p l a s t i c  bending moment i s  

A L L  = (  R B  

14 



In t h i s  equa t ion ,  are t h e  s t a t i c  moments of t h e  area above and 

below t h e  n e u t r a l  axis. The r e f e r e n c e  bending stress, F,,, i s  a func t ion  

of material p r o p e r t i e s  and shape of t h e  c ros s  s e c t i o n .  

I n t e r a c t i o n  of combined loads  i n  the  p l a s t i c  range w a s  determined us ing  

t h e  methods and curves p re sen ted  i n  Reference ( 3 )  e I n t e r a c t i o n  methods 

most f r e q u e n t l y  used i n  t h e  a n a l y s i s  of t h e  model are: combined bending,  

a x i a l  l o a d ,  and s h e a r ;  and complex bending,  a x i a l  l o a d ,  and s h e a r .  

3 . 4 . 1  Combined Bending, Axial Load, and Shear - This  procedure i s  a 

two s t e p  o p e r a t i o n  involv ing  f i r s t  t h e  i n t e r a c t i o n  of l oads  r e s u l t i n g  i n  

normal stresses on t h e  c ros s  s e c t i o n ,  and then  combining normal stresses 

wi th  s h e a r  stresses. 

s e c t i o n  is  accomplished us ing  t h e  fo l lowing  i n t e r a c t i o n  equat ion  from 

Reference ( 3 )  . 

I n t e r a c t i o n  of bending and a x i a l  l o a d  on a r e c t a n g u l a r  

Equation (3) is  a p p l i c a b l e  t o  r e c t a n g u l a r  s e c t i o n s  as evidenced by t h e  

fo l lowing  d e r i v a t i o n .  Consider  t h e  s e c t i o n :  

h a  

t 

15 



Axial l o a d ,  is def ined  as fol lows 

( 4 )  

The a l lowable  axial. load  i n  determined cons ider ing  no o t h e r  l o a d s  a c t i n g .  

(5) 

Therefore  

P a 

BALL h 

S i m i l a r l y ,  bending moment, M , i s  d e f i n e d ,  

R,=- =- 

M=-(h2  FALL^ -a 2 ) 
4 

(7) 

The a l lowable  bending moment i s  determined us ing  equat ion  ( 2 )  wi th  no o t h e r  

l o a d s  a c t i n g  . 

bh2 

Therefore ,  



S u b s t i t u t i o n  of equat ion  ( 6 )  i n t o  equa t ion  (9)  and r ea r r ang ing  terms y i e l d s  

t h e  d e s i r e d  i n t e r a c t i o n  equat ion .  

This  equat ion  i s  p l o t t e d  i n  F igure  3-7. The margin of  s a f e t y  f o r  combined 

loads  producing normal stresses wi thou t  s h e a r  i s  determined by t h e  equat ion ,  

- 1  
R B  

The procedure f o r  ob ta in ing  i s  shown on Figure  3-7 a l s o .  

The second s t e p  i s  t o  combine loads  producing normal stresses wi th  

loads  producing s h e a r  stresses and compute t h e  f i n a l  margin of s a f e t y .  The 

margin of s a f e t y  f o r  s h e a r  l oads  only on r e c t a n g u l a r  s e c t i o n s  i s  determined 

by t h e  equat ion ,  

Fac to r s  of u t i l i z a t i o n  f o r  loads  caus ing  normal stresses and s h e a r  stresses 

are computed by t h e  equa t ions ,  

1 
N "  

1 
S "  



I 

I- h a  = I  
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The f i n a l  margin of s a f e t y  when both normal and s h e a r  stresses are p r e s e n t  

is  determined by t h e  equa t ion  

-1  I 
.S. = 

3 . 4 . 2  Complex Bending, Axia l  Load,and Shear - The procedure f o r  com- 

p l e x  bending i s  very s i m i l a r  t o  t h a t  f o r  s imple bending p rev ious ly  descr ibed .  

An i n t e r a c t i o n  curve a p p l i c a b l e  t o  r e c t a n g u l a r  s e c t i o n s  shown i n  F igu re  

3-8 i s  used t o  determine 

stresses. This curve w a s  de r ived  i n  a manner s i m i l a r  t o  t h a t  desc r ibed  f o r  

t h e  s imple bending case.  Ra t ios  Rsx and By are determined us ing  equat ion  

( 9 )  and t h e  r a t i o  R, is  determined us ing  equat ion  ( 6 ) .  The proper  i n t e r -  

a c t i o n  curve i s  s e l e c t e d  us ing  t h e  r a t i o  RA/ whi chever 

i s  smaller. The margin of s a f e t y  f o r  normal stresses i s  then  determined 

us ing  procedures  desc r ibed  f o r  s imple  bending. For example, i f  

is  less than  R,/R,, 

determined by t h e  equa t ion  

t h e  margin of s a f e t y  f o r  l oads  producing normal 

then  t h e  margin of s a f e t y  f o r  normal stresses i s  

(15) Xa 
M.S. =--1 

%, 

is determined by t h e  procedure  shown i n  F igure  3-8. The 

remaining c a l c u l a t i o n s  t o  determine f i n a l  margin of s a f e t y  when both  normal 

and s h e a r  stresses are p r e s e n t ,  are i d e n t i c a l  t o  those  f o r  s imple  bending 

f o r  which equa t ions  (ll), (E),  ( 1 3 ) ,  and (14) are used. 
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4. LOADS 

P r i n c i p a l  e x t e r n a l  l oads  app l i ed  t o  t h e  l ande r  are p resen ted  i n  t h i s  

s e c t i o n .  R e s u l t a n t  i n t e r n a l  l oads  are a l s o  p re sen ted  and methods f o r  de- 

te rmining  t h e s e  loads  d i scussed .  A d e t a i l e d  l and ing  dynamic loads  a n a l y s i s  

w a s  beyond t h e  scope of t h i s  t a s k  o rde r .  Conserva t ive  assumptions w e r e  made 

throughout t h e  loads  a n a l y s i s  t o  i n s u r e  t h e  s t r u c t u r a l  i n t e g r i t y  of  t h e  

l ande r .  Landing gea r  loads  were determined by cons ide r ing  f o r c e s  r e q u i r e d  

t o  c rush  t h e  main s t r u t  a t t e n u a t o r  and t h e  footpad  a t t e n u a t o r .  Center  body 

loads  are based on c r i t i c a l  l anding  gea r  l oad  cond i t ions  and on t h e  assumption 

t h a t  du r ing  a f l a t  l and ing ,  a l l  t h r e e  gea r s  s t r o k e  t o  t h e  p o s i t i o n  r e s u l t i n g  

i n  maximum main s t r u t  l oads .  The peak r e s u l t a n t  l oad  app l i ed  t o  t h e  l a n d e r  

produces a 24  g a c c e l e r a t i o n  of c e n t e r  body s t r u c t u r e .  

4 . 1  LANDING GEAR - Assumptions used i n  t h e  i n t e r n a l  l oads  a n a l y s i s  of 

t h e  l and ing  gea r  are: 

Main s t r u t  l oad - s t roke  r e l a t i o n s h i p  i s  known. . 

Maximum r e s u l t a n t  l oad  a p p l i e d  t o  t h e  footpad  is  l i m i t e d  t o  13,000 

l b .  by t h e  footpad  a t t e n u a t o r .  

O Footpad is capable  of t i l t i n g  25" from t h e  h o r i z o n t a l  p l ane .  

O Maximum c o e f f i c i e n t  of f r i c t i o n  between t h e  footpad  and l and ing  s u r f a c e  

i s  u n i t y .  

O Maximum ver t ica l  footpad  s t r o k e  i s  1 2  inches .  

4.1.1 Main S t r u t  - Details of t h e  energy absorb ing  main s t r u t  are 

shown i n  F i g u r e  3-5. 

r e l a t i o n s h i p  shown i n  F igu re  4-1. The s t epped  load-s t roke  r e l a t i o n s h i p  i s  

This  s t r u t  is  designed f o r  t h e  s tepped  load - s t roke  
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achieved by s t a c k i n g  "tube-core" type honeycomb elements  having v a r i o u s  

crush s t r e n g t h s  and l e n g t h s .  The maximum l i m i t  load  of 10,000 l b .  occurs  

a t  a s t r o k e  of  5.50  inches .  This  load  i s  maintained dur ing  t h e  remaining 

p o r t i o n  of t h e  a v a i l a b l e  s t r o k e .  

r e s u l t s  i n  1 2 . 0  i nch  ver t ical  s t r o k e  of t h e  footpad.  The maximum s t r o k e  

p o s i t i o n  and t h e  a s s o c i a t e d  10,000 l b .  l i m i t  load  w a s  s e l e c t e d  as l o a d  

cond i t ion  0 because t h i s  p o s i t i o n  i s  c r i t i c a l  f o r  t h e  main s t r u t  suppor t  

beam and c l e v i s  f i t t i n g .  S ince  t h e  main s t r u t  i s  n o t  c r i t i c a l  as a column, 

load  cond i t ion  0 i s  a l s o  used t o  des ign  main s t r u t  components. 

The maximum s t r o k e  p o s i t i o n  of 9.81 inches  

4.1.2 Footpad - A c rushab le  aluminum honeycomb s o l e  i s  a t t a c h e d  t o  

t h e  bottom of  t h e  footpad .  The honeycomb r e s t r i c t s  t h e  maximum r e s u l t a n t  

l i m i t  load  on t h e  footpad t o  13,000 l b .  as de f ined  i n  Reference ( 1 >.  This  

is r e f e r r e d  t o  as loading  cond i t ion  @ and i s  i l l u s t r a t e d  on Figure  4-2.  

Footpad r a d i a l  beams are designed f o r  f l a t  l anding  wi th  a c o e f f i c i e n t  of  

f r i c t i o n  of zero .  

on each 1 3 . 2 5  i nch  diameter  footpad.  To des ign  t h e  footpad  l u g s ,  i t  w a s  

assumed t h a t  t h e  1 3 , 0 0 0  l b .  r e s u l t a n t  l oad  acts a t  a 45 degree ang le  t o  

t h e  v e r t i c a l  axis of t h e  footpad  as shown i n  F igure  4-2. This  load  d i r e c t i o n  

is  t y p i c a l  of  a landing  cond i t ion  when t h e  c o e f f i c i e n t  of f r i c t i o n  i s  

u n i t y .  

This  i s  equ iva len t  t o  a uniform crush  s t r e n g t h  of 94  p s i  

4.1 .3  A-Frame - The A-frame on each gea r  assembly s t a b i l i z e s  t h e  

assembly and r o t a t e s  upward as t h e  main s t r u t  s t r o k e s .  

t ilt  angle  of 25 degrees  i s  combined w i t h  t h e  f r i c t i o n  ang le  of 45 degrees ,  

t h e  r e s u l t a n t  load  a c t i n g  on each gear  l ies w i t h i n  a 70 degree  h a l f  cone 

When t h e  footpad 
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angle  as i l l u s t r a t e d  i n  F igu re  4-3, 

s o  t h a t  i n e r t i a  r e l i e f  was n o t  i nc luded  i n  t h e  loads  a n a l y s i s .  Loads i n  

The l and ing  gea r  w a s  assumed massless 

A-frame members were determined f o r  several s t r o k e d  p o s i t i o n s  and r e s u l t s  

are summarized i n  F igure  4-3. For each s t r o k e d  p o s i t i o n ,  t h e  ang le s  4 and 

8 w e r e  s y s t e m a t i c a l l y  v a r i e d  t o  determine t h e  l a r g e s t  A-frame t e n s i o n  and 

compression loads .  A s  an example of t h i s  p rocess ,  l and ing  gea r  l oads  f o r  a 

main s t r u t  s t r o k e  of 4.7 In. are shown i n  F igu re  4-4. For t h i s  s t r o k e ,  t h e  

maximum l o a d  t h e  main s t r u t  can develop is 7500 Lb. (F igure  4-1) and loads  i n  

t h e  A-f rame (FA and FB> and t h e  r e s u l t a n t  l o a d  on t h e  footpad  (R) are ob ta ined  

from t h e  equa t ion ,  

e ml 
6 SIN 4 = 7500 

m3 

"1  

"2 

"3 

I n  t h i s  equa t ion ,  li9 mi' and n are t h e  d i r e c t i o n  cos ines  of drag  s t r u t s  
i 

A and B and t h e  main s t r u t ,  r e s p e c t i v e l y  ( i . e .  1 = cos ine  of a n g l e  between 

s t r u t  A and X-axis). For t h i s  example, t h e  ang le s  between t h e  members and 

1 

t h e  coord ina te  system axes are: 

82.7' 67.7' 156.4' 

90.0' 158.6' 

S u b s t i t u t i n g  t h e  cos ine  of t h e s e  ang le s  i n t o  equa t ion  (16) and a r b i t r a r i l y  

s e l e c t i n g  t h e  ang le s  4 = 65 degrees  and 8 = 70 degrees ,  y i e l d s  t h e  

fo l lowing ,  

25 



0.126 0.8782 
-0.379 3 = 7500 0 
-0.9 166 -0.9 1166 

The s o l u t i o n  of t h i s  equa t ion  i s ,  

A r e s u l t a n t  l o a d  on t h e  footpad of 21210 Lb. is r e q u i r e d  t o  develop t h e  

7500 Lb. main s t r u t  load.  This  footpad l o a d  exceeds t h e  13000 Lb. l oad  

pe rmi t t ed  by c rushing  of footpad honeycomb. Therefore ,  l oads  i n  each member 

are determined from equat ion  (19)  where t h e  footpad r e s u l t a n t  l oad  i s  

l i m i t e d  t o  13000 Lb. 

1 '"1 

2 -"2 

3 -"3 

S u b s t i t u t i n g  va lues  as p rev ious ly  descr ibed  y i e l d s ,  

-0.8782 0.1264 

0 0.3793 
0.4783 -0.9166 

The s o l u t i o n  of equat ion  (20) i s ,  

These loads  correspond t o  p o i n t s  on curves i n  Figure 4-4 denoted by 

). Other  p o i n t s  on t h e s e  curves were s i m i l a r l y  obta ined  by 

va ry ing  only  t h e  angles  4 and 8 The ang le s  4 = 65 degrees  and 8 = 70 

degrees  r e s u l t  i n  t h e  l a r g e s t  A - f r a m e  compression l o a d  when t h e  main s t r u t  
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s t r o k e  is  4 . 7  In .  S i m i l a r l y ,  t h e  ang le s  4 = 107 degrees  and 8 = 65 degrees  

r e s u l t  i n  t h e  l a r g e s t  A-frame t e n s i o n  load.  Member loads  f o r  t h i s  condi t ion  

are i d e n t i f i e d  by circles ( 0 )  i n  F igu re  4-4. 

Other s t r o k e  p o s i t i o n s ,  i n c l u d i n g  those  corresponding t o  s t e p s  i n  t h e  

For each main s t r u t  l oad  s t r o k e  curves  w e r e  analyzed i n  a similar manner, 

p o s i t i o n ,  t h e  angles  4 and 0 were determined which produced t h e  l a r g e s t  

A-frame compression and t e n s i o n  loads  e These angles  and the  a s s o c i a t e d  

member l o a d s ,  are summarized i n  F igure  4-3. A s  i n d i c a t e d  i n  the  f i g u r e ,  

A-frame t e n s i o n  and compression cond i t ions  are n o t  n e c e s s a r i l y  de f ined  by 

t h e  same v a l u e s  f o r  ang le s  4 and 0 a The maximum A-frame t ens ion  l o a d  

occurs  f o r  a main s t r u t  s t r o k e  of 4.7 I n .  and is  denoted as loading  condi t ion  

@ . 
and is  l a b e l e d  loading  cond i t ion  @ e 

The maximum A-frame compression load  occurs  a t  t h e  onse t  of s t r o k i n g  

An envelope of A-frame t e n s i o n  and compression loads  as a f u n c t i o n  of 

main s t r u t  s t r o k e  i s  shown i n  F igure  4-5. The tens:-on and compression loads  

f o r  loading  condi t ions  @) and @ are noted.  

4.2  CENTER BODY - Design loads  f o r  t h e  c e n t e r  body s t r u c t u r e  are pre- 

s e n t e d  i n  t h i s  s e c t i o n .  

designed f o r  l oad ing  cond i t ions  de f ined  earlier.  Seve ra l  assumptions were 

necessary  t o  determine des ign  loads  f o r  t h e  s i d e  beams and c e n t e r  s e c t i o n  

because a l and ing  dynamic a n a l y s i s  w a s  n o t  performed. 

were determined on t h e  b a s i s  t h a t  cond i t ions  causing c r i t i c a l  loads  f o r  t h e  

des ign  of t h e  l and ing  gear  can occur  on two gears  s imul taneous ly .  Center  

s e c t i o n  des ign  loads  were ob ta ined  by assuming t h e  landing  gea r  s t r o k e s  t o  

the  maximum load  p o s i t i o n  dur ing  a f l a t  landing.  

Main s t r u t  suppor t  beam and i n t e r f a c e  s t r u c t u r e  were 

Side  beam des ign  loads  

I n t e r n a l  l oads  a n a l y s i s  
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Motes: 

( 1 )  Superscripts ( -  and +) on Stroke Pos i t ion  Indicate a Step In The 

(2) Ai l  Loads Are L i m i t  (Lb.). A l l  Angles Are In Degrees. 
(3) A-Frame Tension Condit ion For a 4.7 In. Moin S tw t  Strokz. 

Main Strut Load-Stroke Relationship. 

Loads Ident i f ied B y  Circ les  (0) In Figure 4-4. Th is  Condi t ion 
IS Also The Maximum A-Frame Tension Condition - Loading Candi l ion @ 

-Frame Compression Condition For a 4.7 In. Main Strut Stroke. 
Loads Ident i f ied B y  Triangles (A) I n  Figure 4-4. 

(5) Maximum A-Frame Compression Condition - Loading Conaition @ 
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8 S 

4 6 8 
Main Strut Stroke - In. 

For Maximum Tension Condition 

Frame Compression Load For aximum Compression Condition 
(Loading Condition @) 

FIGURE 4-5 
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of t h e  c e n t e r  body w a s  based on t h e  assumption t h a t  i n e r t i a  loads  r e s u l t i n g  

from s t r u c t u r a l  members and b a l l a s t  are i d e a l i z e d  as p o i n t  loads  

4.2.1 Main S t r u t  Support  B e a m  - The main s t r u t  suppor t  beam w a s  designed 

t o  r e a c t  t h e  maximum l o a d  occur ing  i n  the  main s t r u t .  

t o  t h i s  beam are shown i n  F igure  4-6. 

cond i t ion  @ def ined  i n  Sec t ion  4.1.1.  

Ex te rna l  l oads  app l i ed  

These loads  r e s u l t  from loading  

4.2.2 I n t e r f a c e  - I n t e r f a c e  s t r u c t u r e  is  designed f o r  l oads  r e s u l t i n g  

from load ing  cond i t ion  @ t h e  maximum A-frame t ens ion  cond i t ion .  Externa l  

loads  app l i ed  t o  t h e  l and ing  g e a r ,  i n t e r f a c e  and a s i d e  beam are shown i n  

F igure  4-7 f o r  t h i s  cond i t ion .  

4 . 2 . 3  Side Beams - A number of cond i t ions  were i n v e s t i g a t e d  t o  determine 

maximum loads  on t h e  s i d e  beams. The c r i t i c a l  cond i t ion  w a s  found to  r e s u l t  

from the  maximum A-frame t e n s i o n  condi t ion .  Maximum loads  app l i ed  t o  t h e  

s i d e  beams are shown i n  F igure  4-7. 

t o  each end of a s i d e  beam as shown i n  F igure  4-8. This  would be t h e  case 

f o r  a two gear  landing .  These loads  are conse rva t ive  s i n c e  they r e s u l t  from 

footpad and main s t r u t  a t t e n u a t o r  c rush ing  wh i l e  i n e r t i a  r e l i e f  of t he  landing  

gea r  and i n t e r f a c e  s t r u c t u r e  w a s  ignored.  

These loads  were assumed t o  be  app l i ed  

4,2.4 Center  Sec t ion  - Design loads  f o r  t he  c e n t e r  s e c t i o n  r e s u l t  f r m  

a c c e l e r a t i o n s  occur r ing  dur ing  f l a t  l and ing  on t h r e e  gea r s .  T o t a l  load  on t h e  

l ande r  as a func t ion  of s t r o k e  f o r  f l a t  l anding  i s  shown i n  F igure  4-9. Re- 

s u l t s  are shown f o r  c o e f f i c i e n t s  of f r i c t i o n  of 0 ,  0.5 and 1.0. Maximum load  

occurs  f o r  a main s t r u t  s t r o k e  of 5.5 inches  wi th  a c o e f f i c i e n t  of f r i c t i o n  

of 1.0. This  r e s u l t s  i n  a maximum land ing  load  f a c t o r  of 24 g ' s .  This  

cond i t ion ,  used t o  des ign  t h e  c e n t e r  s e c t i o n  beams, i s  r e f e r r e d  t o  as load ing  

cond i t ion  @ and i l l u s t r a t e d  i n  F igure  4-10. 
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I 

2150 Lb 
imit 

IT 

Center Section Structural Weight = 50.9 
allost Weight = 218.1 

1Ip 

6450 

2150 Lb 
Limi t  

21 50 imit 
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5 .  STRENGTH ANALYSIS 

S t r eng th  ana lyses  t o  s u b s t a n t i a t e  t h e  Margins of Safe ty  of Sec t ion  1 

are shown i n  t h i s  s e c t i o n .  Loads are taken  from Sect ion  4 o r  de r ived  as 

they are used. Methods of a n a l y s i s  used are those  d i scussed  i n  Sec t ion  3.4  

o r  expla ined  a t  t h e  t i m e  they are used. 

5 . 1  LANDING GEAR - The s t r e n g t h  a n a l y s i s  of each p o r t i o n  of t h e  landing  

gear  is shown i n  t h e  s e c t i o n s  i n d i c a t e d  below: 

SECTION ANALYSIS 

5.1 .1  

5 . 1 . 2  

5.1.3 

PAGE 

M A I N S T R U T . .  e e e e * .  . e - .  . 38 
P i s t o n  Rod . e . e a . . e e . . e . 38 
P i s t o n  e . e e . e . . e e a . . e e 39 
L u g .  * .  e a e * .  . e * .  e 40 
Clevis F i t t i n g  I . . e . e e e . 4 1  

FOOTPAD . . . . D . . . . . . . . . O .  42 
Radia l  B e a m  . e . e . a . . e 42 
L u g . . . . .  . . . . * . . . . . . .  43 
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5.  

LYSIS - PIS 

ef Section 4.1.1 

I 
Section A - A 

- 0.065 
2 A = 0.395 In. 

p = 0.685 in. 

D - = 30.75 
t 

Material: 

= 1.5 x 10,000= 15,000 Lb. Ult. 

= 16.90 (Assume Bin Ended) 

' 16.90 
p 0.685 
- = - = 24.7 

- age 3.4.2.3 

= 46,000 - ! (46,000)2 (24.7) 2 = 42,950 psi 

cc = 

. cc- - I -  
4 17% 10.7~ lo6 

Fc = 

15,000 
c -  A 0.395 

f --= - = 37,900 psi 

42,950 
- 9  = - -1  = +0'13 

37,900 - - 
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Pi ston 

w 

a = 9,505 In. 
b I 1.000 I R .  

t = 0.150 In. 

Case 58. 
Page 209 

2 = 45,200 psi  1 1a505 - 3 (1.505)2+ (1.000) 
1.000 

1 log- - 3 a 2 +  b2 , Ref ( 5 )  

2 109 - 

50,000 .s. = - 1 =--I = + - 0.10 - ‘MAX 45,200 

39 



L 2 . 1 8 8 -  

9 3 0 6  

i 0.434 

Moteri a I: 

F ,, = 37,000 psi 

EAR CHECK QF S 

M = 1.5 x 873 x 1.806 = 2360 In.-Lb Ult 
P = 1.5 x 9970 = 14,960 Lb Ul i  
S = 1.5 x 873 = 1310 bb Ult 

F,, = 0.93 F,, 

0.93 x 55,000 = 5260 In.-bb 
= 2  2.188 (80.43412 [ 

bh= 55,000 x 2.188 x 0.434 = 52,200 Lb  

S ALL = F,, A = F ," bh = 37,000 x 2.188 x 0.434 = 35,100 
14,960 

52,200 
- 

2360 P 
B e  =-- =-=0.45, R =-- 5260 A 

- -= 0.29 
M 

P ALL MALL 
RXCI 0.76 1 

(M.S.),,,= -1  = - - 1  = 0.69, ending Plus Axial 
0.45 

I 

35,100 

1310 
- 1  = - - 1  = 25.80, Shear 

1 1 

- - = 0.04 

1 
-1  =+%9 

1 
M.S. = 



= [ 1.5 ym2] 0.96 x 74,000 = 3750 In.-Lb 

F A = FTu bh = 74,000 x 1.50 x 0.375 = 41,700 ‘ALL = TU 

SALL = FSu A = FSu bh = 44,000 x 1.50 x 0.375 = 24,800 Lb 

748 0 
41,700 

= 0.18 - - - 
916 P 

- M 

M A L L  3750 ALL 
w -- - -= 0.24, B- 

SALL 24,800 
S 655 

.S.),=--1 =---I = 36.86, Shear 
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1 
- - = 0.34 

1 
- 

.s.)B+A+l 1.96+1 

1 1 - - - =0.03 
= (M.S.)S+I - 36.86~1 

1 
. s. - 1  = -1  =+m - 

oading Condition @ 

13f000 I Lb 
Crushing Stress on Bottom 
of Footpad Due to 13,000 Lb 
Resultant Force. Reference 

- Section 4.1.2 

Assumed l o a d  

F,, =43,000 psi 

8 

on 
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S = 1.5 x 1540 = 2310 

S p8 

0.95 x 0.75* 

8 
10.96 x 71,000 = 7150 In.-kb 

S A L L  = Fs" A = Fsubh = 43,000 x 0.75 x 0.75 = 24,200 

s 2310 
- 

M 7100 
R,= - =-= 0.99 R s  = - -- = 0.10 

MALL 71 50 S A L  L 24,200 

1 1 -1  =o.oo - KS. = Jm-' = J (0.99)2 + (0.10)2 

RENGTH ANALYSIS - LUG 

Loading Condition @ 

9,200 imit 

9,200 imit 

I 9 

Unity. Reference Section 4.1.2 

Material: 
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9,200 imit 

i m i t  

4,600 
imit 

-A : 

I-"- 'oool 
M = 1.5 x 4,600 x 0.706 = 4,870 In.-Lb Ult.  
P = 1.5 x 4,600 = 6,900 Lb Ult. 

7 
S = 1.5 x 4600 = 6,900 

Section A-A 

1.00 (0.625)2 
ALL 8 0.96 x 71,000 = 6,650 In.-Lb. 

TU bh = 91,000 x 1.00 x 0.625 = 44,400 

SALL = F g j  A =  ,ju bh = 43,000 x 1.00 x 0.625 = 26,900 

0.96 
0.73 

-' =--I  = 0.31, ending Plus Axial 
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26,900 
6,900 

- 1  = - - 1  2 9 0 ,  

AM 

7075-T651 AI 

Ref Section 4.1,3 Ref Section 4.1.3 

M = 1.5 x 5,780 x 1.50 = 13 
P = 1.5 x 4,050 = 6,070 Lb 
S = 1.5 x 5,780 f 8,670 
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2 

r . 2  b 

TU bh = 74,000 x 2.25 x 0.660 = 110,000 

bh = 44,000 x 2.25 x 0.660 =.65,400 

6,070 
= 0.06 -- 13,000 

17,400 
- 

A =  t10,000 
= - = 0.75, 

0.99 

0,75 
-1  =--I 0.32, Bending Plus  

SALL 65,400 
( M A )  s = - -1 = - -1 = 6.55, Shear Only 

S 8,670 

1 --- 1 
u, = - - 0.76 

(M.S.) B+A +” 0.32 + 1 

1 1 - = 0.13 
’= (M.S.),+l - 6.55 + 1 

0.75 
---E 1.00 
D - 0.75 

P = 1.5 x 4,050 = 6,070 

D 0.75 
---= 1.14 
t 0.660 
- 

4,000 x 0.75 x 0.660 = 36,300 

36,300 
-1 = i-4.99 .s. =.- -1 z -  

6,070 - 
P BRU - 

P 
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imit 

ef. Section 4.1.3 

2 A = 0.709 In. 

Material: 

2024-T3 AI. Tube 

F,, = 66,000 psi 

E, = 10.7 x 10 6 psi 

D 
Section A - - z.16.67 

t 

B = 1.5 x 17,800. = 26,700 Lb. Ult. 
@ 

= 24.16 (Assume P i n  Ended) 

24.16 
p 0.666 

I 

= 36.3 - - -  - 

,, = 47,000 psi, Ref. (3) Page 3.4.2.3 

(47,000)* (36,3)2 = 40,100 psi 

4n2 X 10.7 X IO6 

26,700 
0.709 

= - = 37,700 psi 

40 100 
-1 =+m .s. = -1 = I 

37,700 - 4, 
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t Ref. Section 4.1.3 

M = 1.5 x 7,450 x 1.10 = 
P = 1.5 x 18,000 = 27,000 Lb Ult 
S = 1.5 x 7,450 = 11,200 Lb Ult 

300 In.. 

0.96 x 94,000 = 13,900 In.-Lb 
= [ 2(0t25)2 

ALL = F,,A = F,,bh = 74,000 x 2.0 x 0.625 = 92,500 

= F,, bh = 44,000 x 2.0 x 0.625 = 55,000 

psi 
psi  

Ilt 

27,000 R,=--- - = 0.29 
B M - 12,300 

R, = - - -= 0.88, 
MALL 13,900 ALL 92,500 

48 



X a  0.91 
0.88 B 

- - - 1 = - - 1 = 0.03, Bending 

SALL 55,000 
(M.$.)s=-- 1 = - - 1 = 3.90, Shear 

S 11,200 

1 
3.90 t 1 

= 0.20 - - 1 

' =(M.S.)s t 1 

LUG CHECK: 

R 1  -= -= 1.14 
D 0.875 

1 1 
M.S. =Jm - 1 = -1  = t 0.01 

J(0.20)2 + (0.9S)2 

P = 1.5 x 18,000 = 27,000 

D 0.875 ---- - 1.40 
t 0.625 

K BRU = 1.14, Re& (6) Page D 1.7 

TU Dt = 1.14 x 74,000 x 0.875 x 0.625 = 46,000 Lb. 

B RU 46,000 
M.S. =--1 t.-- 1 = +0.70 

B 27,000 = 
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5.2 CENTER BODY - The s t r e n g t h  a n a l y s i s  of  each p o r t i o n  of t h e  c e n t e r  

body is. shown i n  s e c t i o n s  i n d i c a t e d  below: 

SECTION 

5 . 2 . 1  

5.2.2 

PAGE ANALYSIS - 
MAIN STRUT SUPPORT BEAM.  .1 e . e . . . 50 

B e a m .  e .  * . .  e - .  e a e .I 50 
Clevis F i t t i n g .  e e e e a e a a e . 51 

5 .2 .3  SIDE BEAMS . . . - . e e I) e e . e . . 59 

5.2 .4  CENTER SECTION e . e e . . e .I . . 60 

5.2.1 MAIN STRU 

Loading Condition @ 



T = 1.5 x 20,200 = 30,300 
c = 1.5 x 14,000 = 21,000 

Section A-A 
(Rotated 75' Clockwise) 

Section A-A is  Tension Cap Critical 

= FTUAT = 42,000 x 1.023 = 43,000 Lb 
'+ALL 

oading Condition 0 
1 0.20-1 1- 

5000 Lb Limit/Lug 
@ 5' Misalignment 
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.5 x 327 x 1.83 = 896 
y = '8.5 x 3,330 x 1.83 = It 

= 1.5 x 3,720 = 5,590 
I x = 1.5 x 3330 49 

ection Sy = 1.5 x 327 = 490 

4.0 (0,20)2 

8 
=2 0.93 x 58,000 = 2,160 In.- 

0.93 x 58,000 = 43,300 In-bb 1 = 2  

TU bh = 58,000 x 4.00 ~ 0 . 2 0 ~  46,500 Lb 

= S  su bh = 35,080 x 4.00 x 0.20 28,000 
'xALL YALL 

9,140 

M 2,160 43,300 
= 0.21 - 896 

By--=- - M X  R,, --=- 
X~~~ 

5,590 

R A  PALL 46,500 
= 0.12 - - --- - 

RA 0.12 

R,, 0.21 
= 0.29, - = -  = 0.57, The Smaller Value i s  Used to Determine 

S Y  490 . 
= 0.02 SY -- =- sx - - = - = 0.18 

28,000 28,000 
4,995 - S X  - 

'xALL 
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STRENGTH ANALYSIS - BEAM 

oading Condition @ 
Ref. Section 4.2.2 

Material: 6061-T651 AI 
T U  = 42,000 psi 

1258 
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x = 1.5 x 40,250 = 60,375 In.- 
y = '1.5 x 12,750 = 19, 
z = 1.5 x 3223 = 4840 

Sx = 1.5 x 2042 = 3065 
P = 1.5 x 3700 = 5550 
Sz = 1.5 x 1310 = 1960 

esultants on Section 

S X B  T 4.625 I In. PB 

C 
X C  
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ssumptions: I 

1. 

a. 

3. 

4. 

ession in Cap @ 

1 x 1.9 1.5 = 2625 In.-Lb Ult 

2.250 14,800 52,960 
MXC 4.625 2.0 4.625 

18,000 x 4.45 -19,900 x-x  1.7 - - --x 1.7 x 1.5 = 59,750 In.- 

Shear Load, Sz Carried Equally by Caps @ and @ . Total Shear in Caps @ 
and @ Includes Shear Resulting from Twisting Moment T, 

'z 19,140 1960 
4.625 2 4.625 2.0 c 4.625 2 4.625 2.0 

It 
T Y  

- 5120 ~b ult, s, = ---= ---= 3160 T~ sz 19,140 1960 
=-+-=-+-- 

Cap @ i s  Critical Because of ending Moment, M, 
C 

1 p0.25 0.257 1 IC 
MIx /3.68 = 15, 

C 
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-i 0.25 1 = 15,700 It 

= [ 0.25 (0.90) + 1.5 (0.125) I x 42,000 = 17,300 

imi t  
2 

F," = 35,000 ps i  
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X 

- b = 2.50 
X = 9.5 x 3,730 x 1.85 = 4,450 In.- 

My = 1.5 x 4,400 x 1. 
= 1.5 x 4,130 = 9,200 
= 1.5 x 4,600 = 9,900 

Sy = 1.5 x 3,730 = 5,400 

0.97 x 58,000 = 8, 

FRB 

0.480 (2.50)2 

8 
= 2  0.99 x 58,000 = 42,200 In.- 

TU bh = 58,000 x 2.50 x 0.480 = 69,500 Lb PALL 

= S  su A = F,u bh = 35,000 x 2.50 x 0.480 = 42,000 Lb 
Y~~~ 

S 
)(ALL 

9,200 

PALL 49,500 
= 0.13 - - R* ---- 

0.48, The Smaller Value i s  sed to Determine M.S. 
0.93 
0.80 

- -- 
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X - - 
42,000 

X~~~ 
sx s 

1 I 
0.14 t 1 

= 0.88 - - - - 

= 0.27 - - 1 

= (M.sJS t 1 2.46 t 1 

D 0.5 
0.50 

=-= 1.04 
t 0.480 
K BRU = 1.95, Refa ( 8 )  

P = 1.5 x 4,130 = 9,200 Lb. 

BRU = I(,,, FTU t = 1.95 x 58,000 x 0.5 x 0. 
as, 100 

-1 =--1= + 1.95 BRU - 9,200 .s. = 
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5.2. 
LYSIS - 

oading Condition @ , 

1 

20,800 

1174 bb 

1602 Lb 

1 - 20,800 Lb 

A - 4  
2348 Lb 

I 

428 bb 

ECK OF SECTION A-A: 

Section 

Section A- A 
P 

,ALL 

PT = 1.5 x 22,300 = 33,500 Lb U l t  

P, = 1.5 x 6200 = 9300 Lb 

A, = A, = 1.250 In. 2 

is  Tension Cap Crit ical  

FTUAT = 42,000 x 1.250 = 52,500 

,ALL 52,500 
.S. =- -1 =- 

$T 33,500 

i m i t  

- 1  =+ox - 
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5.2.4 
s -  

Loading Condition e#. Section 4.24 

Section i s  Limi t  Load Critical 

h = 12.35 
-M I 

21 50 
i mi 

b 
t 

-t = 0.250 In. 

Section 

ension Strength of Welds are Critical 

Iz A W E L D  8000 (5 x 0.250) = 10,000 Lb 
'TALL T Y ~ ~ ~ ~  

Concentrate Center Section and 

Material: 

F,, = 39,000 p s i  

Weld 
FTu = 18,000 psi 

F,, =8000 psi  

= 2150 x 21.10 = 45,300 In.- 

45,300 P , - - P  , =y= 12.35 = 3690 Lb 

10,000 
3690 

-1 =--I -i t11.92 
' T A L L  

I - .s. = 

40 



6 .  MASS PROPERTIES 

The Landing Impact T e s t  Model is  designed t o  s i m u l a t e  t h e  m a s s  proper- 

t ies (weight,  c e n t e r  of g r a v i t y ,  and moments of i n e r t i a )  of  t h e  Mars legged 

l ande r .  By t h e  a d d i t i o n  of b a l l a s t  t o  t h e  b a s i c  model, bo th  f u l l  p r o t o t y p e  

m a s s  p r o p e r t i e s  and 3/8 p r o t o t y p e  mass p r o p e r t i e s  are s imula ted .  

6 .1  BASIC MODEL - Mass p r o p e r t i e s  of t h e  b a s i c  model were determined 

a n a l y t i c a l l y  us ing  f i n a l  engineer ing  drawings and measured weights  whenever 

p o s s i b l e .  A d e t a i l e d  l i s t i n g  of weight ,  c e n t e r  of g r a v i t y p  and r a d i u s  of 

g y r a t i o n  f o r  each i t e m  i n  t h e  b a s i c  model i s  shown i n  F igure  6-1. The re- 

s u l t i n g  mass p r o p e r t i e s  of t h e  b a s i c  model are summarized i n  F igure  6-2. A l l  

moments of i n e r t i a  w e r e  determined w i t h  t h e  landing  g e a r  i n  t h e  f u l l y  extended 

p o s i t i o n  e 

The coord ina te  system shown i n  F igure  3-1 w a s  used. Its o r i g i n  i s  on 

t h e  ground p l a n e  and t h e  X-axis extends v e r t i c a l l y  a long  t h e  c e n t e r l i n e  of 

t h e  v e h i c l e .  The r a d i i  of g y r a t i o n  shown i n  Figure 6-1 are d e f i n e d  i n  terms 

of t h e  i t e m ' s  l o c a l  coord ina te  system whose c e n t e r  i s  a t  t h e  c e n t e r  of g r a v i t y  

of  t h e  i t e m .  Some i t e m s ,  such as c e n t e r  body s t r u c t u r e  and c e r t a i n  hardware, 

i n c l u d e  a number of components symmetr ical ly  l o c a t e d  about t h e  X-axis. I n  

t h e s e  cases, t h e  l o c a l  c o o r d i n a t e  system i s  l o c a t e d  a t  t h e  composite c e n t e r  

of g r a v i t y  o f  t h e  components included.  

As t h e  manufacture of  t h e  model progressed ,  t h e  i n d i v i d u a l  components 

were weighed whenever p o s s i b l e .  

p r o p e r t y  a n a l y s i s .  Approximately 90 p e r c e n t  of t h e  b a s i c  model weight  i s  

based  on measured va lues  of i n d i v i d u a l  components e I n  a d d i t i o n  t h e  completed 

b a s i c  model and a l l  b a l l a s t  were weighed t o  v e r i f y  t o t a l  weight  of  bo th  t h e  

These v a l u e s  were i n c o r p o r a t e d  i n  t h e  mass 
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Center of Gravity 

FIGURE 6-2 
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318 p r o t o t y p e  mass model and t h e  f u l l  p r o t o t y p e  mass model. I t e m s  which 

were n o t  i n d i v i d u a l l y  weighed i n c l u d e  t h e  honeycomb e l e m e n t s  f o r  t h e  footpads 

and main s t r u t s  hardware ( n u t s  b o l t s  and r i v e t s )  and i n t e r f a c e  c l e v i s  

f i t t i n g s .  These f i t t i n g s  r e c e i v e d  a f i n i s h  machining o p e r a t i o n  dur ing  f i n a l  

assembly t o  achieve c o r r e c t  model geometry. A l l  honeycomb elements are 

s u p p l i e d  by NASA Langley Research Center.  

6 . 2  3/8  PROTOTYPE MASS - Mass p r o p e r t i e s  f o r  t h i s  v e r s i o n  of t h e  model 

are summarized i n  Figure 6-3. A l s o  shown i n  p a r e n t h e s i s  are t h e  nominal 

values f o r  mass p r o p e r t i e s  s p e c i f i e d  i n  Reference ( 2 )  

The d e s i r e d  m a s s  p r o p e r t i e s  w e r e  achieved by adding two s t ee l  b a l l a s t  

r i n g s  and two small  l e a d  b a l l a s t  p l a t e s  t o  t h e  b a s i c  model. P r o p e r t i e s  f o r  

t h e s e  b a l l a s t  p i e c e s  are g iven  i n  F igure  6-4 and they are l o c a t e d  on t h e  

b a s i c  model as g iven  i n  F igure  6-5. Both b a l l a s t  r i n g s  are a t t a c h e d  t o  t h e  

c y l i n d r i c a l  c e n t e r  s e c t i o n  of  t h e  c e n t e r  body. One of t h e  l e a d  p l a t e s  i s  

a t t a c h e d  t o  t h e  i n t e r f a c e  s t r u c t u r e  on t h e  p o s i t i v e  Z-axis. The o t h e r  p l a t e  

i s  a t t a c h e d  t o  t h e  web of t h e  r a d i a l  beam on t h e  minus Z-axis. 

6 . 3  FULL PROTOTYPE MASS - Mass p r o p e r t i e s  f o r  t h i s  v e r s i o n  of  t h e  model 

are given i n  Figure 6-6. Required nominal va lues  (Reference 2 )  are shown a l s o .  

The mass p r o p e r t i e s  were achieved by adding two s teel  r i n g s  and n i n e  

l e a d  b a r s  t o  t h e  b a s i c  model. P r o p e r t i e s  f o r  t h e s e  i t e m s  are shown i n  

Figure 6-7. They are l o c a t e d  on t h e  model as shown i n  F igure  6-8. The s t ee l  

r i n g s  are a t t a c h e d  t o  t h e  c y l i n d r i c a l  c e n t e r  s e c t i o n  and t h e  l e a d  b a r s  are 

s t r a t e g i c a l l y  l o c a t e d  on s i d e  beams and i n t e r f a c e  s t r u c t u r e  of t h e  c e n t e r  body. 
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FIGURE 6-5 

late 2 
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7 e CONCLUSIONS 

The s t r u c t u r a l  adequacy of t h e  landing  i m p a c t  tes t  model has  been 

a n a l y t i c a l l y  v e r i f i e d  i n  t h i s  r e p o r t .  The model geometry, weight ,  cen te r  

of g r a v i t y  l o c a t i o n  and moments of i n e r t i a  are w i t h i n  c o n s t r a i n t s  s p e c i f i e d  

by NASA Langley Research Center .  Minizum margins of s a f e t y  and model mass 

p r o p e r t i e s  are summarized i n  Sec t ion  1.0.  
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